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Respiratory complications in dogs with cervical myelopathies can be life-threatening and
are attributed to spinal cord morbidity secondary to cervical disease or decompressive
surgery causing diaphragmatic dysfunction. However, diaphragmatic dysfunction in these
dogs has not been described. Thirty-five client-owned dogs were recruited with 14
control and 21 test dogs. Dogs were evaluated for the presence of diaphragmatic
dysfunction using radiography, M-mode ultrasonography, and fluoroscopy (gold
standard) before and after an anesthetic or surgical event. Diaphragmatic dysfunction was
observed more frequently in dogs with cervical disease prior to surgery (8/21 dogs,
38.1%) compared to control dogs (3/14 dogs, 21.4%) but was not statistically significant
(odds ratio, 2.3; 95% confidence interval, 0.48-10.6; P = 0.30). Further, the frequency of
diaphragmatic dysfunction did not significantly increase following surgical
decompression in either group. Thus, dogs in this study with cervical disease and
undergoing decompressive surgery were not considered to have a higher probability of
diaphragmatic dysfunction compared to the control dogs.
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CHAPTER I
INTRODUCTION AND LITERATURE REVIEW
Introduction
Diaphragmatic dysfunction is suspected to be a cause of respiratory complications
in dogs with cervical spinal disorders.1-4 The most common clinical signs associated with
canine cervical spinal disorders are neurologic dysfunction and neck pain.1,2,5 Although
less common, respiratory complications secondary to cervical spinal disorders in people
and dogs can be severe, resulting in the requirement for mechanical ventilation or in
death.1-3,6-9 The mortality rate associated with cardiovascular and respiratory
complications is between 0.9 and 36% in dogs undergoing cervical spinal cord
decompressive surgery.1 This wide range may be secondary to differences in the severity
of neurologic disease in the patient populations reported in the literature. Perioperative
respiratory arrest was the definitive cause of death in a report of seven dogs with cervical
spinal disorders and was suspected to be the cause of death for seven others.1 The
incidence of death attributable to hypoventilation in dogs with cervical spinal disorders
ranges from 1.8 to 3.5% when recognized and documented.1
Respiratory complications, including hypoventilation and subsequent positive
pressure ventilation, have been reported in dogs at the time of initial presentation to a
veterinarian and following cervical decompressive surgery.1,2,5-8 Hypoventilation and
subsequent positive pressure ventilation following decompressive surgery in dogs with
1

cervical spinal disorders have been reported, leading researchers to evaluate surgical
approach as a risk factor for positive pressure ventilation. In a study of 263 dogs with
various cervical spinal disorders, dogs undergoing dorsal laminectomies required
mechanical ventilation more often than dogs undergoing ventral slot decompressions.1
In dogs with cervical spinal disorders, the mechanism of hypoventilation is
unknown. In people and dogs, it is suspected to be due to failure of the respiratory
muscles (diaphragm, intercostal muscles, and accessory muscles in order of contribution)
and feedback mechanisms.1,10-13 The diaphragm, the primary muscle of respiration, is
innervated by the phrenic nerve and is controlled by the respiratory centers in the
brainstem.11,14-17 Trauma to the cervical spinal cord (either by disease or surgery) causing
subsequent diaphragmatic dysfunction is suspected to be the cause of the hypoventilation
seen in dogs.12
Purpose of Study
To the authors’ knowledge, no studies have been performed evaluating the
frequency of diaphragmatic dysfunction in dogs with cervical spinal disorders both
before and after surgical intervention. The purpose of this study was to determine the
frequency of diaphragmatic dysfunction in dogs with cervical spinal cord disease at
presentation to the Animal Health Center (a referral level institution) compared to a
group of control dogs. A second purpose of this study was to evaluate the association
between cervical decompressive surgery and diaphragmatic dysfunction by comparing
the frequency of diaphragmatic dysfunction at the time of presentation to the Animal
Health Center to the frequency of diaphragmatic dysfunction following surgery in dogs
undergoing cervical decompressive surgery. In addition, another purpose of this study
2

was to compare the association of cervical decompressive surgery with diaphragmatic
dysfunction to a group of control dogs and their association of surgery or an anesthetic
event with diaphragmatic dysfunction. M-mode ultrasound, radiography, and
fluoroscopy, the gold standard, were compared for agreement to determine which
imaging modalities can be used to screen for decreased function of the diaphragm.
Literature Review
In order to understand the problem of diaphragmatic dysfunction, one must first
understand the normal anatomy of the diaphragm, innervation of the diaphragm, and its
central nervous system control, as well as the current methods available for evaluating the
canine diaphragm in a clinical setting.
Normal Anatomy of the Canine Diaphragm
The respiratory muscles in dogs, in order of contribution to respiration, are the
diaphragm, intercostal musculature, and accessory musculature (scalene and
sternomastoid muscles).11,14-16 Because the diaphragm is the major muscle of
respiration,11,14-16,17 it served as the primary focus of this research. The diaphragm is a
muscle with a tendinous center that separates the thorax and abdomen.15 The tissue layers
attached to the diaphragm, in order from the thoracic cavity to the abdominal cavity, are
the parietal pleura, endothoracic fascia, diaphragm, transversalis fascia, and the parietal
peritoneum.15 The muscle fibers of the diaphragm arise from the ventral aspect of the
cranial lumbar vertebrae, medial aspects of the ribs, and the dorsal aspect of the
sternum.15 These portions of the diaphragm form the central tendon which makes up
approximately 21% of the surface area of the diaphragm (Figure 1.1).15 The muscular
3

portion of the diaphragm completely surrounds the tendinous portion and is divided into
three parts: pars lumbalis, pars costalis, and pars sternalis.15
The lumbar portion of the diaphragm consists of the right and left diaphragmatic
crura.15 Each crus arises from two tendons at the ventral aspects of the third and fourth
lumbar (L3 and L4) vertebral bodies.15 Each tendon is bifurcated, formed from two
smaller tendons.15 The larger portion arises at L4 and the smaller portion from L3.15 The
two tendons are located medial to the psoas minor muscle (Figure 1.2).15 The space
between the lumbar vertebrae and crura is called the lumbodiaphragmatic15 or
phrenicolumbalis recess.18 The left and right diaphragmatic crura are not equal in size as
the right is larger than the left.15 The crura are present on each side of the aorta and
thoracic duct forming the aortic hiatus (Figure 1.2).15
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Figure 1.1

Thoracic Aspect of the Diaphragm

Normal anatomy of the diaphragm as seen from the thorax. Miller’s Anatomy of the Dog,
4th ed.15
Cranial to the aortic hiatus, the diaphragmatic crura form a flat portion of the
diaphragm as the muscle fibers radiate cranially toward the central tendon.15 Laterally the
fibers of the diaphragmatic crura coalesce with the fibers of the pars costalis and form
two narrow tendinous bands that extend from the central diaphragmatic tendon.15
Ventrocranial to the aortic hiatus, the right diaphragmatic crus surrounds the esophagus
5

forming the esophageal hiatus (Figure 1.2).15 The esophagus and the vagus nerves pass
through the diaphragm via the esophageal hiatus.15 The caval foramen (Figure 1.2) allows
for passage of the caudal vena cava through the diaphragm and is located at the junction
of the muscular and tendinous portions of the diaphragm on the right.15

Figure 1.2

Abdominal Aspect of the Diaphragm

The lumbar portion of the diaphragm arises from the ventral aspect of the third and fourth
lumbar vertebral bodies. These tendons form the left and right crura of the diaphragm. a =
medial, b = intermediate, and c = lateral portions of pars lumbalis. Miller’s Anatomy of
the Dog, 4th ed.15
The costal portion of the diaphragm originates from the caudal ribs.15 The muscle
is formed by bundles of muscle fibers that radiate from the medial and proximal portions
of the thirteenth ribs, distal portions of the twelfth ribs, costochondral articulations of the
eleventh ribs, and the entire length of the tenth and ninth ribs and eighth costal
6

cartilages.15 These bundles form the lateral borders and body of the central tendon
(Figure 1.2) .15 The space between the ribs and the diaphragm is called the
costodiaphragmatic15 or phrenicocostalis recess.18 The lungs move into this space during
inspiration; however, even when a large volume of air is inspired, this space is not
entirely filled by the lungs.15
The sternal portion of the diaphragm is inconsistently present in the dog.15 If
present, the sternal portion is unpaired and medially located between the right and left
portions of the pars costalis.15 The muscle fibers arise from the base of the xiphoid
cartilage, transversalis fascia, and the costal cartilages, and form the apex of the central
tendon.15 The most cranial portion of the arch of the diaphragm is the cupula which is
located medioventrally.15
Innervation of the Diaphragm
As a foundation for understanding the innervation of the diaphragm, it is
important to discuss the basic anatomy of the cervical spinal cord and spinal nerves. All
spinal nerves are confluent with their respective segment of the spinal cord and are
composed of four segments: roots, main trunk, four primary branches, and peripheral
branches (Figure 1.3).14 The roots are contained within the vertebral canal and are
composed of a dorsal root (with a spinal ganglion) and a ventral root.14 The roots join to
form the main trunk, which is located within an intervertebral foramen (Figure 1.4).14 The
intervertebral foramen is a space between two adjacent vertebrae.14 As the main trunk
exits the intervertebral foramen, it divides into three main branches (dorsal, ventral, and
communicating).14 The presence of a fourth branch (meningeal) is inconsistent.14 When
present, the meningeal branch arises from the main trunk and supplies sensory and
7

sympathetic axons to the dura mater, dorsal longitudinal ligament, vertebral plexus, and
annulus fibrosus.14
The cervical spine has eight pairs of spinal nerves, left and right, that are
numbered sequentially.14 The first pair of cervical spinal nerves exit the vertebral canal
by passing through the lateral vertebral foramina of C1.14 However, there are only seven
cervical vertebrae (C1 through C7).14 The second through seventh cervical spinal nerves
leave the vertebral canal cranial to the vertebrae with the corresponding numbers;
however, the last pair, the eighth cervical spinal nerves, exit caudal to C7 and cranial to
the first thoracic vertebra (T1).14

Figure 1.3

Spinal Nerve Segments

The four segments of the spinal nerve are the root, main trunk (not labeled), primary
branches, and peripheral branches. The main trunk is formed by the joining of the dorsal
and ventral roots. Miller’s Anatomy of the Dog,4th ed.14
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Figure 1.4

Spinal Nerves Exiting the Vertebral Canal

Diagram of the spinal nerves as they exit the vertebral canal through the intervertebral
foramen. Miller’s Anatomy of the Dog, 4th ed.14
The diaphragm is innervated by the phrenic nerve, which arises from the ventral
branches of the fifth, sixth, and seventh cervical spinal nerves.14,15 However, a small
branch from the fourth cervical nerve may also contribute.14,15 These spinal nerves pass
dorsomedial to the brachial plexus before they combine to form the phrenic nerve just
cranial to the thoracic inlet (Figure 1.5).14 The right and left phrenic nerves pass through
the thoracic inlet and are covered by pleura from the right and left portions of the
mediastinum, respectively.14 Where the phrenic nerves reach the diaphragm, they each
separate into ventral, lateral, and dorsal branches and supply their half of the diaphragm
with motor and sensory fibers.14 The phrenic nerve is the only motor nerve supplying the
diaphragm.14 The phrenic nerve also supplies the majority of the sensory fibers to the
9

diaphragm; however, the last intercostal nerves supply the periphery of the diaphragm as
well.14 The diaphragm also receives sympathetic innervation from the celiac plexus and
occasionally from the middle cervical ganglion or sympathetic trunk.14 Parasympathetic
innervation to the diaphragm is supplied by the vagus nerves.14

Figure 1.5

Brachial Plexus and Phrenic Nerve

Representation of the normal anatomy of the cervical spinal nerves as they exit the
vertebral canal and brachial plexus, and the formation of the phrenic nerve at the thoracic
inlet. Adapted from Miller’s Anatomy of the Dog, 4th ed.14
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Normal Physiology of the Diaphragm
Central Nervous System Control
The muscles of respiration (diaphragm, intercostal muscles, and accessory
muscles)11,14-17,19 are controlled by the respiratory center, which is located in the
brainstem, by way of the phrenic nerve.16,17 The respiratory center is composed of three
groups of neuronal cell bodies: dorsal group, ventral group, and the pneumotaxic
center.16,17 The dorsal and ventral groups are located in the medulla oblongata, while the
pneumotaxic center is located within the pons.16,17 These groups are the main controllers
of inspiration and expiration.17 The vagus and glossopharyngeal nerves relay sensory
information to the respiratory center from peripheral chemoreceptors, peripheral
baroreceptors, and receptors within the lungs.17
In mammals, the dorsal group within the respiratory center is the main controller
of inspiration and houses pacemaker neurons that autonomously generate the rhythm of
respiration.17,19 These neurons generate this rhythm (respiration ramp) by creating weak
action potentials that build in strength over time.17,19 During normal respiration in cats,
dogs, and people, this ramp increases in strength for approximately two seconds.17,19
After two seconds, the action potentials stop for approximately three seconds which
allows for passive expiration.17,19 Following this break, the action potentials begin
building again, which cause another steady inspiration.17,19 The ramp allows for a steady
increase in lung volume and, without it, inspiration would be a sudden gasp.17 Normal
resting respiration in mammals is thus controlled mainly by the action potentials
generated within the dorsal respiratory group that are then propagated down the spinal
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cord through descending motor pathways to the phrenic nerves which terminate at the
diaphragm.17,19
In mammals, the ventral respiratory group and the pneumotaxic center modify
respiration based on the needs of the body.17,19 If there is an increased need for ventilation
(e.g., heavy exercise), the ventral respiratory group will help strengthen the inspiratory
ramp signal.17,19 However, the ventral respiratory group can also contribute to expiration
by inhibiting the dorsal respiratory group.17 The pneumotaxic center shortens the duration
of inspiration which, when activated, can cause a secondary effect that increases the
respiratory rate.17
Diaphragm Contraction
When the neuroelectric signals from the respiratory center are conducted through
the reticulospinal tracts to the phrenic nerve, the diaphragm will contract.15 During
normal resting respiration in the dog, the excursion of the diaphragm is at least one and a
half thoracic vertebrae.15 The muscle fibers of the diaphragm shorten during inspiration
causing flattening of the diaphragm and expansion of the lungs.15 The muscle fibers of
the diaphragm have a different composition depending on their location and function.15
The muscle fibers of the costal portion are composed of approximately 46% type I fibers,
and the right crus to the left of the esophageal hiatus is composed of 64% type I fibers.15
Type I fibers are slow-twitch muscle fibers that are specialized for endurance, allowing a
muscle to contract over many minutes to hours.20 The different composition of muscle
fibers throughout the diaphragm allows the different portions to contract at different
speeds.20 The differences in muscle composition and contraction speeds have been
confirmed by electromyography of the diaphragm which revealed asynchrony in the
12

costal and lumbar portions during resting respiration.15 In addition, asynchrony of
diaphragm contraction is important when a dog is vomiting. When vomiting, the costal
portion of the diaphragm will contract or shorten while the fibers near the esophageal
hiatus have decreased electrical activity and show muscle fiber lengthening aiding in the
expulsion of ingested material from the stomach.15
Methods Available for Evaluating the Diaphragm
Radiography, ultrasound, fluoroscopy, and electromyography can be used to
evaluate the anatomy, anatomy and function, or just function of the diaphragm depending
on the method.18,21-31 In order to be able to diagnose diaphragmatic dysfunction, one must
understand normal and abnormal findings of the diaphragm using each method.
Radiography
Radiography uses ionizing radiation that is differentially absorbed by the patient
to produce an image.32 Radiography provides a still shot in time of the diaphragm and
does not allow for real-time evaluation of diaphragmatic motility.18,24,32 However, images
can be obtained during maximum inspiration and expiration to evaluate the excursion of
the diaphragm.18,24 The position of the diaphragm varies radiographically due to several
factors including breed, age, obesity, respiration, gravity, x-ray beam centering, and
animal positioning.18,24 This variation in the position of the diaphragm on radiographs
also further complicates the use of radiography for diagnosing diaphragmatic
dysfunction.
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Normal Radiographic Anatomy of the Diaphragm
The thoracic aspect of the diaphragm can be seen on radiographs due to the
differing opacities of the lungs and diaphragm.18 The portions of the diaphragm that are
in contact with the ribs and form the phrenicocostalis and phrenicolumbalis recesses are
not seen on radiographs.18 The majority of the abdominal portion of the diaphragm is not
visible due to border effacement with the liver; however, when adjacent to falciform fat, a
portion of the ventral diaphragm may be seen.18 Using radiography, four portions of the
diaphragm can be seen: right and left crura, intercrural cleft, and cupula (Figures 1.6, 1.7,
1.8 and 1.9).18,24 The right and left crura form the shape of a “Y” and are separated by the
intercrural cleft.18,24 The cupula of the diaphragm is the most cranial portion of the
diaphragm and forms the shape of a dome (Figure 1.6).18,24
The position of the diaphragm can vary radiographically due to several factors
including breed, age, obesity, respiration, gravity, x-ray beam centering, and animal
positioning.18,24 When a dog is in lateral recumbency, the more dependent crus is
cranially displaced.18,24 On a left lateral radiographic projection the crura of the
diaphragm intersect (Figure 1.8); however, on a right lateral radiographic projection, the
crura are parallel to each other (Figure 1.9).18,24 On ventrodorsal and dorsoventral
radiographic projections, x-ray beam centering can change the portions of the diaphragm
that can be seen.18,24 The diaphragm is seen as three domed structures on a ventrodorsal
projection when centered on the mid-thorax (Figure 1.6) and on a dorsoventral projection
when centered on the mid-abdomen.18,24 The diaphragm is seen as one domed structure
on a dorsoventral projection (Figure 1.7) when centered on the mid-thorax and on a
ventrodorsal projection when centered on the mid-abdomen.18,24 The cupula of the
14

diaphragm is asymmetric with a flattened center and an apex to the right of midline.24
The left costophrenic angle is slightly cranial to the right costophrenic angle.24
Normally in dogs, the crura intersect the ventral aspect of the spine between T11
and T13 on a lateral radiographic projection, but their location may range from T9 to
L1.24 On a lateral radiographic projection, the two crura can be up to two and one-half
vertebrae apart, although they are usually only separated by one vertebra.24 On a
ventrodorsal or dorsoventral projection, the diaphragm usually intersects the spine
between T7 and T10. However, describing the position of the diaphragm based on its
intersection with the thoracic spine is inherently flawed due to the factors described
above that change the position of the diaphragm on radiographs.24 With normal
respiration, the diaphragm can change position from one-half to two vertebral lengths
when comparing images obtained on maximum inspiration and expiration.24
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Figure 1.6

Ventrodorsal Radiographic Projection of the Diaphragm of a Normal Dog

(A) On this ventrodorsal radiographic projection of the diaphragm of a normal dog,
cranial is at the top of the image, caudal is at the bottom of the image, and the left side of
the dog is indicated by the left (L) laterality marker. (B) This is the same ventrodorsal
radiographic projection of the diaphragm with annotations. The diaphragm is seen as
three domes on a ventrodorsal projection when the x-ray beam is centered on the midthorax. The cupula of the diaphragm is asymmetric with the right aspect being more
cranial than the left (solid line). The right and left crura are indicated by the dashed lines.
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Figure 1.7

Dorsoventral Radiographic Projection of the Diaphragm of a Normal Dog

(A) This is a normal canine diaphragm on a dorsoventral radiographic projection. On this
image, the top of the image is cranial, the bottom of the image is caudal, and the left side
of the dog is indicated by the left (L) laterality marker. (B) This is the same dorsoventral
radiographic image with the cupula of the diaphragm indicated by the solid line.
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Figure 1.8

Left Lateral Radiographic Projection of the Diaphragm of a Normal Dog

(A) This is a left lateral radiographic projection of a normal dog. The cranial aspect of the
dog is on the left side of the image. The top of the image is the dorsal aspect of the dog.
The right side of the image is the caudal aspect of the dog, and the bottom of the image is
the ventral aspect of the dog. (B) This is the same left lateral radiographic projection with
the crura of the diaphragm outlined. The left crus (solid line) is cranially displaced
compared to the right crus (dashed line). Additionally, the two crura intersect on a left
lateral radiographic projection.
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Figure 1.9

Right Lateral Radiographic Projection of the Diaphragm of a Normal Dog

(A) This is a right lateral radiographic projection of the diaphragm of a normal dog. The
left side of the image is the cranial aspect of the dog. The top of the image is the dorsal
aspect of the dog. The right side of the image is the caudal aspect of the dog, and the
bottom of the image is the ventral aspect of the dog. (B) This is the same image with the
crura of the diaphragm outlined. The right crus of the diaphragm is cranially displaced
(solid line) compared to the left crus. The left crus of the diaphragm is caudal to the right
crus on this radiographic projection (dashed line).
19

Radiographic Signs of Diaphragmatic Disease
There are many radiographic signs of diaphragmatic disease, including complete
or partial border effacement of the thoracic surface, shape changes, or position changes
(as with cranial and caudal displacement).18 When evaluating for diaphragmatic
dysfunction using radiography, changes in position are the most reliable radiographic
changes indicating an abnormality, and dysfunction is suspected when one or both crura
of the diaphragm are cranially displaced.18 Radiographic images of the diaphragm at
maximum inspiration and expiration aid in evaluating the excursion of the diaphragm;
however, diaphragmatic dysfunction cannot be definitively diagnosed using radiography
as the motion of the diaphragm is not evaluated in real time.18 Some diseases that cause
increased intra-abdominal pressure (as with obesity, ascites, gastric or intestinal
distension, abdominal pain, or abdominal masses) complicate the diagnosis of
diaphragmatic dysfunction by radiography by also causing cranial displacement of the
diaphragm.24 Therefore, radiographs should be evaluated for these diseases before
concluding there is diaphragmatic paralysis.18
Ultrasonography
B-mode Ultrasound
Brightness mode ultrasound, otherwise known as B-mode, is widely used in
veterinary medicine.25 B-mode ultrasound uses sound waves that are generated within a
transducer, travel through a medium, and are then reflected back to the transducer to
create a two-dimensional gray scale image in real time.33 The depth of the structure is
determined by the total round trip time elapsed when the echo returns to the transducer.33
Therefore, the longer it takes an echo to return, the deeper the dot is placed on the
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image.33 The gray scale of the dot is determined by the amplitude of the returning echo.33
Using B-mode ultrasound, the diaphragm can be imaged intercostally or subcostally
through the abdomen.21,25 The diaphragm is a hyperechoic, thin, curvilinear structure
along the cranial margin of the liver and can be difficult to distinguish from the reflective
lung interface (Figure 1.10).25 In the presence of pleural or peritoneal effusion, the
diaphragm can be seen as a separate structure.25 The muscular portion of the diaphragm
may be seen as a hypoechoic structure between two thin hyperechoic layers.25 These
hyperechoic layers are the endothoracic fascia and parietal pleura cranially and the
transversalis fascia and parietal peritoneum caudally.25 Because the central tendinous
portion of the diaphragm is thinner than the muscular portion, it is seen as a hyperechoic,
thin, curvilinear structure.25
B-mode ultrasound in dogs and people is useful for evaluating the diaphragm and
obtaining qualitative information.21,25 In people, B-mode ultrasound has been reported to
be as valuable as fluoroscopy for diagnosing diaphragmatic paralysis with a high
sensitivity and specificity for detecting abnormal motion of the diaphragm. 21 However,
difficulties identifying the direction of the abnormal motion have been reported with
tachypnea or decreased amplitude of excursion.21 Imaging the diaphragm using
ultrasound is further complicated by the left side of the diaphragm occasionally being
obscured by the gas within the stomach or gastrointestinal tract.22,25 Almost 100% of the
sound waves from the transducer are reflected when they encounter gas, which does not
allow echoes to transmit to deeper tissues.33 In addition, only one crus of the diaphragm
can be evaluated at a time using ultrasound.21
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Figure 1.10

Sagittal Subcostal B-mode Ultrasonographic Image of the Diaphragm

(A) This is a sagittal subcostal B-mode ultrasonographic image of the diaphragm and
liver of a normal dog. (B) This is the same image of the diaphragm with margins of the
image labeled for directionality. The diaphragm (arrow) is difficult to see separately from
the reflective surface of the lungs. When the diaphragm is seen, it is a hyperechoic line
following the cranial aspect of the liver.
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M-mode Ultrasound
Motion mode ultrasound (M-mode ultrasound) uses information from B-mode
ultrasound to display the motion of an anatomic structure or region over time.33 The
echoes from one beam of sound wave are collected, and the vertical or y-axis corresponds
to depth while the horizontal or x-axis corresponds to time (Figure 1.11).33 M-mode
ultrasound is used commonly for echocardiography as the motion of the cardiac chambers
and valves can be evaluated over time, and both quantitative and qualitative information
can be obtained.33 M-mode ultrasound provides excellent temporal resolution (50 frames
per second) of motion patterns that is superior to fluoroscopy (15 frames per second using
the equipment at the Animal Health Center).33 However, there are disadvantages of Mmode ultrasound. Because the information is obtained from B-mode ultrasound, M-mode
ultrasound cannot be performed if the region of interest is covered by gas, and only one
crus of the diaphragm can be imaged at a time.33 On the positive side, M-mode
ultrasonography in people has been described as a simple and accurate test for diagnosing
diaphragmatic dysfunction.34
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Figure 1.11

M-mode Ultrasonography of the Diaphragm of a Normal Dog

(A) B-mode two-dimensional sector image of the diaphragm with the M-mode cursor
(green line) directed through the stomach (S), liver (L) and the reflective surface (pink
arrow) of the lungs and diaphragm. (B) M-mode ultrasound image. The information from
one beam of sound, indicated by the cursor (green line), is collected over time. The
motion of the stomach (S), liver (L), and diaphragm is displayed over time. Depth is
displayed on the y-axis, and time is displayed on the x-axis. The transducer is at the top
of the image. During inspiration, the diaphragm contracts, and the organs within the
abdomen move caudally (toward the transducer). During expiration the organs move
cranially (away from the transducer). The calipers (+) are measuring the amplitude of
excursion of the diaphragm from the peak of inspiration to the trough of expiration.
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Using M-mode ultrasound, the amplitude of excursion of the canine diaphragm
can be quantitatively obtained using a previously described method.21 During inspiration,
the diaphragm moves caudally, and during expiration, the diaphragm moves cranially
(Figure 1.12).21 The maximum excursion of the diaphragm can then be measured from
the peak of inspiration to the trough of expiration.21 In people, normal movement of the
diaphragm is an excursion of greater than four millimeters and a difference of less than
50% between the right and left sides of the diaphragm.21 In dogs, normal movement of
the diaphragm is an excursion of greater than three millimeters and a difference of less
than 50% between the right and left sides of the diaphragm.21 If diaphragmatic
dysfunction is present, the hyperechoic line of the diaphragm indicating inspiration and
expiration over time will be flat with an excursion of less than three millimeters or a
greater than 50% difference between the maximum excursion of the crura (Figure 1.13).21
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B
Figure 1.12

Measuring Excursion of the Diaphragm using M-mode Ultrasonography

(A) B-mode ultrasonographic sector image (on top) and M-mode ultrasonographic image
(on bottom) of the diaphragm of a normal dog. The diaphragm is a hyperechoic line
(white arrows) cranial to the liver. Information obtained from the beam of ultrasound
indicated by the cursor (green line), using B-mode ultrasound, is displayed over time
allowing the motion of the diaphragm to be quantitatively evaluated. (B) Diagram
indicating the direction of diaphragm motion during inspiration (caudally or towards the
transducer) and expiration (cranially or away from the transducer). The amplitude of
excursion can be measured from the peak of inspiration to the trough of expiration.
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Figure 1.13

Diaphragmatic Dysfunction using M-mode Ultrasound in a Dog

(A) B-mode ultrasound sector image of the cranial abdomen. The transducer is at the top
of the image. The M-mode cursor indicates the location of the beam of ultrasound that is
interrogating the motion of the abdominal structures. The beam is penetrating the liver
and diaphragm, and is reflecting off the surface of the lung. The diaphragm is the
hyperechoic line along the cranial margin of the liver. The reflective surface of the lung is
indistinguishable from the diaphragm. (B) M-mode ultrasound image of the left crus of
the diaphragm with minimal excursion as the motion of the diaphragm is almost a
completely flat line with almost no discernable inspiratory or expiratory motion (C) Mmode ultrasound image of the left crus of the diaphragm with calipers measuring
diaphragmatic excursion. The calipers (+) are measuring from the peak of inspiration to
the trough of expiration (0.16 cm in amplitude).
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Fluoroscopy
When using fluoroscopy, a diverging beam of ionizing radiation is generated and
emitted by an x-ray tube and differentially absorbed by the patient.32 The photons that
penetrate the patient are absorbed by an image intensifier.32 The image intensifier absorbs
the photons and ultimately emits visible light, in a minified image, that is recorded by a
video camera.32 The image intensifier is very efficient in converting the energy of x-ray
photons into visible light, which allows a reduction in the dose of radiation to the
patient.32 The reduction in radiation dose is important as the patient is exposed to
radiation during each frame acquisition, and 30 frames per second are commonly
acquired to produce “real-time” x-ray imaging.32 The minified images recorded by the
video camera are displayed on a monitor, allowing the user to observe the motion of
internal anatomical structures such as the diaphragm, heart, and alimentary tract.32
Fluoroscopy, using subjective evaluation, is currently reported to be the default
gold standard for diagnosing diaphragmatic dysfunction in dogs and people, as
histopathologic evaluation of the phrenic nerve and diaphragm are not ethical, and
images of the diaphragm in motion can be obtained with high temporal
resolution.18,22,33,34 Fluoroscopy, unlike M-mode ultrasound, allows medical personnel
evaluate the motion of both crura and the cupula of the diaphragm at the same time.23 In
addition, gas within the gastrointestinal tract does not interfere with imaging of the
diaphragm when using fluoroscopy as it does with ultrasound.32
In people, multiple studies have attempted to quantify the excursion of the
diaphragm to create a cutoff between normal and abnormal movement. Diaphragm
excursion, in people, has been compared to intercostal spaces with normal excursion
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reported to be greater than one intercostal space with less than a 50% difference between
the two crura.29 More recently, diaphragm excursion in people has been reported as an
absolute measurement with normal excursion being approximately one centimeter at rest,
while during forced inspiration and expiration, this movement can reach 10 cm.27 The
diaphragm in normal people has also been reported to have asymmetric movement with
unlikely clinical significance.30 However, excursion asymmetry has been reported to be
clinically significant if one crus of the diaphragm has twice the excursion of the other.30
In one out of six normal people, one crus may be more dominant (having a greater
excursion) than the other with the left crus being twice as likely to be dominant than the
right.30 The right crus of the diaphragm has also been reported to normally be located
one-half to one and a half inches more cranial than the left.30 In people, variability
between observers has been reported for diagnosing diaphragmatic dysfunction using
fluoroscopy.27 The variability between observers is likely due to the asymmetrical motion
of the different portions of the diaphragm and the lack of a current standard objective
cutoff.
The potential excursion range of the dog’s diaphragm has not been determined.24
Panting dogs have been reported to have less than one fourth vertebra difference between
inspiration and expiration.24 Quietly breathing normal dogs can have less than one-half
vertebra excursion, while other normal dogs taking deeper breaths have had a reported
excursion of over two vertebrae.24 In a recent study, diaphragmatic excursion in normal
beagles was evaluated using fluoroscopy in left, right, and ventrodorsal recumbencies.23
In addition, the excursion amplitudes of the left and right crura and the cupula of the
diaphragm were measured in each recumbency and also compared to the length of the
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vertebral body of T8 as a ratio.23 The excursion amplitudes of the different portions of the
diaphragm were found to be significantly different depending on recumbency.23 When
the excursion amplitudes for the crura were compared to T8 as a ratio, the mean ratios
were not significantly different for the crura in right lateral recumbency but were
significantly different in left lateral and ventrodorsal recumbencies.23 Major conclusions
from this study were that the different portions of the diaphragm (right and left crura and
the cupula) have more symmetric excursion amplitudes in right lateral recumbency, and
that evaluation of the diaphragm in dogs lying in left lateral recumbency may highlight
asymmetric motion.23
Even though evaluating the diaphragm is challenging using fluoroscopy, paralysis
of the diaphragm is best confirmed by fluoroscopy in both people and dogs.18,22,23 The
crura of the diaphragm can move asymmetrically with unilateral paralysis (Figure
1.14).18,22 When bilateral paralysis is present, there may be minimal to no movement of
the diaphragm.18,22 Paradoxical cranial displacement of the diaphragm may also occur
during inspiration when bilateral diaphragmatic paralysis is present.18,22 Bilateral
paralysis can be difficult to evaluate using fluoroscopy due to compensatory abdominal
muscle contraction causing movement of the diaphragm.22,24 Normal and abnormal cutoff
values for diaphragm excursion using fluoroscopy have not been reported in dogs, and
the diagnosis of diaphragmatic dysfunction is usually based on subjective evaluation.18,23
In people, a sniff test has been developed to help differentiate normal asymmetry from
diaphragmatic dysfunction.30 During a sniff test, people are asked to take a quick sniff in,
and the movement of the diaphragm is evaluated using fluoroscopy.30 Paradoxical
movement of the diaphragm (diaphragm moves towards the thorax during inspiration) of
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greater than two cm during the sniff test is considered abnormal.30 Four signs of
diaphragmatic paralysis have also been reported in people: minimal, absent, or
paradoxical movement during inspiration; elevation of the diaphragmatic crura above the
normal range; mediastinal shift during inspiration; and paradoxical movement of the
diaphragm while sniffing.30 However, these factors have also been shown to be
unreliable.30

Figure 1.14

Unilateral Diaphragmatic Dysfunction in a Dog

A ventrodorsal radiographic projection of a dog diagnosed with left sided diaphragmatic
dysfunction that was confirmed by fluoroscopy. The left crus of the diaphragm (dashed
line on the left side of the dog) is cranially displaced one intercostal space compared to
the right crus (dashed line on the right side of the dog).
Electromyography
Electromyography (EMG) records the electrical activity in muscle.35 An EMG
exam is performed by inserting either a monopolar (recording electrode) or concentric
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needle (both recording and reference electrodes) into the muscle in question.35 When
using a monopolar needle, a reference electrode is also placed on the surface of the
patient close to the recording electrode.35 A concentric needle is made of a thin wire that
serves as the recording electrode and is covered by a metallic shaft that is used as the
reference electrode.35 Electromyographic activity within the diaphragm has been
evaluated in dogs and people using electrodes within the esophagus, on the thoracic wall
musculature, or on the surface of the diaphragm.22,26,27 When using electrodes on the
thoracic wall, the electrical activity of the diaphragm is not able to be distinguished
separately from the other respiratory muscles (such as the intercostal musculature).26,27
Surgical placement of electrodes on the surface of the canine diaphragm has also been
reported during research studies evaluating respiratory physiology,26,36 but is not practical
in a clinical setting.
The recording needle measures the resting membrane potential of the myofibers
reflected in the extracellular fluid surrounding the needle and compares it to the potential
in the extracellular fluid surrounding the reference electrode.35 In normal dogs, electrical
activity is recorded while the needle is inserted (insertional activity) into the muscle and
during voluntary or involuntary contraction.35 Otherwise, no electrical activity is seen in
normal muscle.35
Electromyography can be used to diagnose diaphragmatic dysfunction in people
and dogs and determine whether the dysfunction is due to an upper motor neuron disease,
lower motor neuron disease, or primary myopathy when combined with a nerve
conduction test.22,28 Nerve conduction exams test the speed of action potential conduction
through a peripheral nerve, and a slower speed of conduction indicates a lower motor
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neuron disease.35 However, EMG and nerve conduction studies are painful and should be
performed under general anesthesia or heavy sedation in dogs, as needles are inserted into
the muscle or nerve being examined, and they may have to be electrically stimulated,
which is also very painful.35 Surgical placement of electrodes directly onto the diaphragm
can allow for evaluation of the electrical activity of the diaphragm in the awake dog
following surgical recovery.26 However, this procedure is not usually practical in a
clinical setting.
Possible Causes of Diaphragmatic Dysfunction
The purpose of this study was to specifically evaluate cervical spinal disorders as
a possible cause of diaphragmatic dysfunction. Because the authors of this study have
anecdotally noted dogs with cervical spinal disorders have a higher frequency of
respiratory complications than other dogs, which is suspected to be secondary to
diaphragmatic dysfunction.
Cervical Spinal Disorders
There are numerous cervical spinal disorders that can be combined into basic
categories including hereditary or congenital causes (as with atlantoaxial subluxation,
congenital vertebral anomalies, and cervical spondylomyelopathy), degenerative causes
(as with spondylosis deformans and osteoarthrosis of the articular process joints),
inflammatory or infectious causes (as with discospondylitis and myelitis), neoplasia,
spinal cord trauma (as with fractures, luxation, and intervertebral disc disease), vascular
events (as with ischemic myelopathy and fibrocartilaginous emboli), and idiopathic
causes (as with spinal intra-arachnoid cysts and calcinosis circumscripta).37 These
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disorders can cause varying amounts of damage to the spinal cord ranging from minimal
trauma to complete transection.1,37 Damage to the spinal cord causing complete physical
transection at or cranial to the origin of the phrenic nerve will cause fatal respiratory
paralysis.37 If the complete transection of the spinal cord is located caudal to the origin of
the phrenic nerve, then only the diaphragm is available for ventilation.22
Disorders that do not cause complete transection of the cervical spinal cord may
have other accompanying clinical signs such as ataxia, tetraparesis, hemiparesis, and
paraparesis.37 Tetraplegia is less commonly seen and usually due to a severe lesion that
also causes respiratory paralysis.37 Dogs with a spinal disorder localized to C1-5 may
have normal or exaggerated spinal reflexes, reduced or absent postural reactions in all
four limbs, and cervical hyperesthesia.37 If a lesion is present between C6-T2, a dog may
have normal or reduced spinal reflexes and muscle tone in the thoracic limbs while
having normal to exaggerated reflexes in the pelvic limbs.37 In addition, a lesion at C6-T2
may cause muscle atrophy of the forelimbs, depressed postural reactions in all four limbs,
hyperesthesia, thoracic limb lameness, and neck pain.37
In previous studies, some dogs with cervical spinal disorders, such as cervical
vertebral fractures,3 atlantoaxial subluxation,6 and cervical intervertebral disc disease2,7
have had respiratory complications including hypoventilation, tachypnea, and apnea. The
respiratory complications in these patients have been noted both at presentation and
following surgery.1 In a retrospective study of 263 dogs that underwent surgery for
cervical spinal cord disorders, 13 of the 263 dogs (4.9 %) and one additional dog (0.4 %
of all dogs in the study) that did not undergo surgery developed respiratory complications
including hypoventilation (partial pressure of carbon dioxide greater than 60 mmHg),
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tachypnea with increased respiratory effort, or apnea and were subsequently placed on
positive pressure ventilation.1 In addition, the authors of that study concluded that dogs
with a lesion between C2-4 were at greater risk for requiring positive pressure ventilation
compared to dogs with lesions at all other sites.1 The authors hypothesized that
respiratory complications suspected to be due to hypoventilation may be more common
than reported, as some dogs with a poor prognosis may have been euthanized and not
undergone surgery.1
Hypoventilation
Hypoventilation is an important concept to understand, as it can be a lifethreatening complication in dogs with cervical spinal disorders and is suspected to be
secondary to diaphragmatic dysfunction.1 Hypoventilation is diagnosed by blood gas
analysis and is defined as an arterial partial pressure of carbon dioxide greater than 60
mmHg.38 In addition, hypoventilation leads to hypercapnia, which ultimately causes
respiratory acidosis in dogs (arterial pH less than 7.35) .38 Hypercapnia occurs within a
dog’s blood when carbon dioxide is not able to diffuse into the pulmonary alveoli.38
Impaired diffusion can be secondary to several disorders; however, impaired ventilation
causing hypoventilation is the focus of this research. In a normal dog, carbon dioxide
combines with water in the presence of carbonic anhydrase and forms carbonic acid.38
Carbonic acid dissociates into bicarbonate and a hydrogen proton.38 The pH within a dog
is tightly regulated, as excess hydrogen protons can have devastating biological
consequences.38 Normally the respiratory center in the brain stem and peripheral
chemoreceptors are stimulated by an increase in hydrogen protons and are able to
compensate for the decreased (acidic) arterial pH by stimulating respiration.39,38
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However, when hypercapnia is caused by ventilation impairment, stimulating an increase
in the frequency and volume of respiration is not effective.38 When respiratory acidosis
develops in the dog, increased retention of bicarbonate at the kidneys (metabolic
alkalosis) is expected to occur as compensation.38 However, metabolic alkalosis takes
several hours to days to compensate for respiratory acidosis.38
Causes of Hypoventilation
It is important to understand the causes of and differential diagnoses for
hypoventilation, as some dogs with cervical spinal disorders have been reported to have
hypoventilation (based on elevated partial pressure of carbon dioxide) or suspected
hypoventilation (based on respiratory rate, respiratory effort, or apnea) at the time of
presentation or develop hypoventilation (or suspected hypoventilation) following
decompressive surgery.1,2,5-8 The cause for hypoventilation in otherwise healthy dogs
with cervical spinal disorders is suspected to be due to the failure of the respiratory
muscles and neuronal control.1,10-13 In addition, alveolar hypoventilation occurs when air
cannot move into or out of the alveoli and occurs secondary to multiple disorders that
ultimately cause failure of the respiratory muscles or feedback mechanisms, or airway
obstruction.1,39 More specifically, these disorders include neuromuscular failure,
increased physiologic dead space, airway obstruction, primary pulmonary disease, pleural
space disorders, depression of the respiratory center, muscular fatigue, and paralysis of
the respiratory muscles.39 Importantly, paralysis of the respiratory muscles is suspected to
occur secondary to cervical spinal cord trauma (as with intervertebral disc disease) and
various other disorders of the cervical spine1-3,6,7,18; however, paralysis can also occur
secondary to toxicity (as with organophosphate toxicity), myasthenia gravis,
36

myelomalacia of the cervical and thoracic spinal cord, lower motor neuron disease, an
overdose of paralytic agents, pneumonia (causing trauma to the phrenic nerve),
myopathies, or an unidentified cause.18,39
Conclusions
In this chapter, the normal and abnormal function of the diaphragm and methods
for evaluating the diaphragm have been discussed. Currently, fluoroscopy is reported to
be the default gold standard for diagnosing diaphragmatic dysfunction in dogs and
people, as histopathologic evaluation of the phrenic nerve and diaphragm is not
ethical.18,22,33,34 However, evaluation of diaphragmatic dysfunction using fluoroscopy is
currently subjective,18,23 and an objective cutoff between normal and diaphragmatic
dysfunction has not been established.23 In addition, M-mode ultrasound has also been
used to evaluate for diaphragmatic dysfunction in two dogs with hypoventilation21;
however, a larger study is needed to evaluate the usefulness of this modality for
diagnosing diaphragmatic dysfunction in dogs with and without hypoventilation.
Because diaphragmatic asymmetry and dyspnea have been seen anecdotally by
the authors of this study more commonly in dogs with cervical spinal disorders than other
dogs, this research focused on cervical spinal disorders and how they may affect the
diaphragm. In one study, the frequency of respiratory complications resulting in the
necessity of positive pressure ventilation in dogs with cervical spinal disorders
undergoing surgical decompression was 4.9%.1 Currently, the frequency of
diaphragmatic dysfunction in dogs with cervical spinal disorders is unknown, as is the
effect of decompressive surgery on the frequency of diaphragmatic dysfunction.
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CHAPTER II
EVALUATION OF DIAPHRAGMATIC DYSFUNCTION IN DOGS WITH
CERVICAL SPINAL DISORDERS BEFORE AND AFTER SURGERY
USING FLUOROSCOPY, M-MODE ULTRASOUND,
AND RADIOGRAPHY
Study Purpose
The purpose of this study was to determine the frequency of diaphragmatic
dysfunction in dogs with cervical spinal cord disease at the time of presentation
compared to a group of control dogs. The second purpose of this study was to evaluate
the association of diaphragmatic dysfunction with the presence of a cervical spinal
disorder and decompressive surgical treatment. M-mode ultrasound, radiography, and
fluoroscopy, the gold standard, were compared for agreement to determine which
imaging modalities can be used to screen for decreased function of the diaphragm.
Hypothesis
The authors hypothesized that dogs with cervical spinal cord disorders would
have a higher prevalence of diaphragmatic dysfunction than dogs without cervical spinal
cord disorders and that the frequency of diaphragmatic dysfunction would increase
following surgery. The authors also hypothesized that there would be good agreement
between fluoroscopy and M-mode ultrasound for diagnosing diaphragmatic dysfunction.
It was also hypothesized that radiography would have poor agreement with fluoroscopy
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and M-mode ultrasound. Radiography was suspected to be a poor diagnostic tool for
detecting diaphragmatic dysfunction because mild diaphragmatic asymmetry has been
reported as a normal variant.24,23,28
Materials and Methods
Study Population
This study was approved by and conducted in accordance with the Institutional
Animal Care and Use Committee at Mississippi State University. The study was a
prospective case-control series design. Dogs were assigned either to the control group (no
evidence of a cervical spinal disorder) or the test group (cervical spinal disorders). All
dogs underwent a complete physical and neurologic examination by a board-certified
neurologist or neurology resident. Control dogs were defined as those without a history of
diaphragmatic dysfunction, clinical signs of respiratory disease (coughing, dyspnea, or
tachypnea not related to pain or stress), or current or historical cervical spinal disease
(cervical pain or neurologic dysfunction localized to a spinal disorder between C1-7).
Dogs with a spinal disorder with neurolocalization caudal to T10 were included in the
control group. Because evaluating the association of surgery with diaphragmatic
dysfunction was a purpose of this study, control dogs to be included also underwent
surgery or an anesthetic event to reduce the variable of anesthesia as a confounding factor
between the two groups. The control dogs were matched in size, breed type
(chondrodystrophic dog breeds versus nonchondrodystrophic dog breeds), and age to the
test dogs. Dogs included in the test group were required to have a cervical spinal cord
disorder, the imaging necessary to diagnose the spinal cord lesion, and surgery as part of
their treatment plan. Any dog with a history or clinical signs of respiratory disease,
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previously diagnosed with diaphragmatic dysfunction, or that underwent a previous
cervical spinal surgery was excluded.
With owner consent, all dogs underwent thoracic radiography, M-mode
ultrasound, and fluoroscopy of the diaphragm both before and after surgery (or anesthesia
in the control group). The personnel obtaining radiographs, the interpreting radiologists
and diagnostic imaging residents, and the diagnostic imaging residents performing
ultrasound and fluoroscopy were blinded to the dog’s assigned group (test vs. control)
when possible. No dogs were given pain medication, when possible, or sedated prior to
imaging. Opioids can cause depression of the respiratory center40 and may affect
diaphragm excursion. Therefore, if opioids (methadone [Akorn, Inc., Lake Forest, IL]) or
butorphanol [Zoetis, Inc., Kalamazoo, MI]) were necessary for pain management,
imaging was performed at least four hours following administration of or just prior to the
dog’s next scheduled dose to avoid or minimize effects of these drugs. All animals were
examined by all three imaging modalities prior to surgery and 12-48 hours following
surgery. For dogs requiring sedation after surgery, imaging was performed 24 hours after
the sedation was discontinued.
Imaging
Radiography
A two- to three-view thoracic radiographic study using a Quantum Q-Rad DRX
digital radiography system (Quantum Medical Imaging, Ronkonkoma, NY) or a
VetVision MC 150-C unit (Vision Imaging Partners, Cherry Hill, NJ) with a Fuji Smart
CR reader (FUJIFILM Medical Systems U.S.A., Inc., Stamford, CT) and thoracic postprocessing algorithm was performed with a minimum of a right lateral projection and a
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ventrodorsal projection. A radiographic study, as described, was performed twice on each
dog (once at presentation and once after surgery). Radiographic exposure factors were
based on the size of the dog. As previously described, diaphragmatic dysfunction was
considered present if one crus was cranially displaced in relation to the other
crus.18,24,21,29,31 Diaphragmatic dysfunction was considered present if diaphragmatic
excursion was less than one intercostal space between the two projections.21,29
M-mode Ultrasound
Ultrasonography was performed using a Biosound Esaote MyLab50 ultrasound
machine (Esaote North America, Indianapolis, IN) and microconvex probe with available
frequencies ranging from 5-8 MHz. Diagnostic imaging residents under the supervision
of a board-certified radiologist evaluated the diaphragm of all dogs in the study. Dogs
were examined using B-mode and M-mode ultrasound. The dogs were placed in right
lateral recumbency to evaluate the left aspect of the diaphragm and left lateral
recumbency to evaluate the right aspect of the diaphragm. The area of interest was
prepared by clipping the fur if necessary, and coupling gel and alcohol were used for
adequate contact. The probe was placed caudal to the last rib and directed subcostally and
cranially, as previously described.21 The ultrasound beam was angled perpendicularly to
the diaphragmatic crura, and if necessary, the probe was turned clockwise 45 degrees to
optimize monitoring of the crura. The diaphragm was observed through the hepatic
parenchyma as a hyperechoic line following the curve of the liver. The M-mode cursor
was placed perpendicularly to the diaphragm. The motion and amplitude of the
diaphragmatic movement were recorded while watching respiration. To measure the
amplitude, electronic calipers were placed on the base and apex of the inspiration slope
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(Figure 2.1). Dogs were considered abnormal if there was a greater than 50% difference
between the maximum excursion of the left and right crura or if either crus measured less
than three millimeters in amplitude.21

Figure 2.1

Measuring the Amplitude of Diaphragmatic Excursion using M-mode
Ultrasonography in a Normal Dog

(A) M-mode ultrasonographic image of the diaphragm of a normal dog. The calipers (+,
exaggerated in size to aid identification) indicate how to measure the amplitude of
diaphragmatic excursion with one at the peak of inspiration and another at the trough of
expiration. The distance between the two calipers is the excursion distance. (B) Diagram
indicating the caudal motion of the diaphragm during inspiration, cranial motion during
expiration, and how to measure diaphragmatic excursion.
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Fluoroscopy
Dynamic fluoroscopic evaluation of the diaphragm was performed by diagnostic
imaging residents under the supervision of a board-certified radiologist, with an OEC
9600 C-Arm fluoroscopy unit (GE Healthcare, Chicago, IL). Dogs were positioned in
dorsal recumbency and were examined during normal respiration. The diaphragm was
evaluated based on its shape, mobility of the cupula and crura, and the degree of rib cage
expansion. Diaphragmatic dysfunction was present when there was reduced mobility of
one or both diaphragmatic crura. Reduced mobility was defined as an excursion of less
than one intercostal space difference between inspiration and expiration or greater than or
equal to a 50% difference in mobility between the left and right crura.21,29
Image Analysis
Ventrodorsal radiographs and fluoroscopic videos were anonymized and
randomized then evaluated by two board-certified radiologists and three radiology
residents. All radiographic images were reviewed using an OsiriX DICOM viewer 64-bit
v. 5.9 (Pixmeo, Geneva, Switzerland). Diaphragmatic dysfunction on radiographs was
scored as either present or not present; if present the side affected was indicated (left or
right). An objective assessment of diaphragmatic dysfunction was performed using
fluoroscopic videos which were standardized for size, saved as MOV files, and reviewed
in a PowerPoint presentation (Microsoft Corporation, Redmond, Washington). For each
dog, one fluoroscopic video that was representative of the dog’s respiration during the
exam was included in the PowerPoint presentation. Diaphragmatic dysfunction was
scored as either present or not present; if present the side affected was indicated (left,
right, or bilateral). A second subjective assessment of all fluoroscopy videos obtained for
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each dog was also performed by the two board-certified radiologists. For the subjective
assessment, the fluoroscopy videos were reviewed on a local picture archiving and
communication system using Horizon Rad Station, v.11.8 (McKesson Corporation,
Vancouver, British Columbia, Canada). The dogs were randomized and anonymized, and
all videos for each dog were available for review. Diaphragmatic dysfunction was again
scored as present or not present using each radiologist’s clinical expertise. At the time of
the ultrasound examination, the maximum excursion of the diaphragmatic crura was
recorded by one author, and the previously described cutoff was applied. Therefore, a
retrospective scoring of the ultrasound examinations was not performed.
Patient Treatment Management
The decision for surgical intervention, type of surgical procedure performed, and
surgical approach for the diagnosed cervical spinal disorder was determined by the boardcertified neurologist in charge of case management and was adjusted as needed for each
dog. The neurosurgeons were blinded to the results of the preoperative imaging of the
diaphragm. The anesthesia service was given all information from the neurology service
regarding the location and type of cervical spinal disorder and from the radiology service
regarding the presence of diaphragmatic dysfunction in order to best manage the
anesthetic protocol for each dog. The anesthetic protocol for each dog was determined by
the anesthesiologist or licensed veterinary technician or technologist managing the case.
During recovery, the dogs were monitored for respiratory distress. Respiratory rates were
recorded every hour for the first 12 hours after surgery. If a dog was unable to ventilate
on its own, the decision to start mechanical ventilation was determined by the boardcertified neurologist responsible for case management.
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Statistical Analysis
Statistical analyses were performed by an epidemiologist using SAS for Windows
9.4 (SAS Institute, Inc., Cary, NC). The results of the subjective assessment of the
fluoroscopy videos by the board-certified radiologist with the most clinical experience
were used as the gold standard. Odds ratios (OR) were calculated by using univariate
logistic regressions to quantify the association between the presence of a cervical spinal
disorder and the presence of diaphragmatic dysfunction. A value of P < 0.05 was
considered significant. The effect of surgery on the occurrence of diaphragmatic
dysfunction was evaluated by OR comparing the functional status of the diaphragm prior
to surgery to the functional status of the diaphragm following surgery. Agreement
between diagnoses of diaphragmatic dysfunction by fluoroscopy, ultrasound, and
radiographs was assessed by Kappa statistic using PROC FREQ in SAS for Windows
9.4. Interobserver agreement between diagnoses of diaphragmatic dysfunction by both
radiologists and each resident was also assessed by Kappa statistic for fluoroscopy
(including both objective and subjective assessments by each radiologist) and
radiographs. The sensitivity and specificity of the radiographs and M-mode ultrasound
exams were determined using the subjective assessment fluoroscopy results by the senior
radiologist as the gold standard.
Study Results
Forty-two client-owned-dogs were recruited. Seven dogs were excluded due to
the radiographic presence of lung disease, surgical complications, a nonsurgical treatment
plan, or due to lesion location (such as a control dog with multiple thoracolumbar lesions
including one cranial to T10). Thirty-five client-owned dogs met inclusion criteria: 14
45

dogs (40%) with no clinical evidence of a cervical spinal disorder (control dogs) and 21
dogs (60%) with a clinical and surgically identified cervical spinal cord disorder (test
dogs). Seventeen dogs (48.6%) were dachshunds, three dogs (8.6%) were mixed breeds,
and there were two dogs each (5.7%) of the following breeds: shih tzus, Chihuahuas,
French bulldogs, Yorkshire terriers, and cocker spaniels (Figure 2.2). There was one dog
each (2.9%) of the following breeds: miniature schnauzer, bichon frise, boxer, miniature
poodle, and beagle. Twenty dogs (57%) were male with seven intact (7/35, 20%) and 13
neutered (13/35, 37%) (Figure 2.3). The remaining 15 dogs (43%) were all spayed
females. The mean age of all dogs was 7.13 ± 3 years (median 7 years, range 7 months –
13 years). The mean weight was 8.57 ± 4.4 kg (median 7.5 kg, range 2.2 – 24 kg).
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All Dogs (35)

dachshund (17)
mixed breed (3)

14%

shih tzu (2)

6%

Chihuahua (2)

48%

6%

French bulldog (2)

6%

Yorkshire terrier (2)

6%
6%

cocker spaniel (2)

8%

other breeds (5)
Figure 2.2

Breed Distribution for all Dogs

Dachshunds were the most prevalent breed in the study (17/35), with mixed breeds (5/35)
the second most prevalent. There were two or less each of the remaining breeds.

All Dogs (35)
Female (15)

43%
57%

Male (20)

Figure 2.3

Gender Distribution for all Dogs

Of the 35 dogs included 20 were male (seven intact and 13 neutered), and the remaining
15 dogs were spayed females.
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Control Dogs
Fourteen dogs with no clinical evidence of cervical spinal disorders met inclusion
criteria. The mean age was 6.29 ± 2.7 years (median 6 years, range 2 – 12 years) (Table
2.1). The mean weight was 8.58 ± 3.03 kg (median 8.5 kg, range 3 – 12.4 kg) (Table 2.1).
Nine dogs (64%) were male with three intact (3/14, 21%) and six neutered (6/14, 43%)
(Figure 2.5). The remaining five dogs (36%) were spayed females. Eight dogs (57.1%)
were dachshunds, two dogs (14.3%) were mixed breeds, and there was one (7.1%) of
each of the following breeds: Chihuahua, shih tzu, French bulldog, and beagle (Figure
2.4, Table 2.2). Dogs presented to the Neurology Service for hindlimb monoparesis,
paraplegia, paraparesis, ataxia, back pain, lethargy, and trembling, with lesions
neurolocalized to the thoracolumbar spine. Dogs were diagnosed by computed
tomography or magnetic resonance imaging. Thirteen dogs (93%) were diagnosed with
thoracolumbar intervertebral disc extrusion, and one dog (7%) was diagnosed with an
acute noncompressive nucleus pulposus extrusion (Table 2.3). Intervertebral disc
extrusion was present at T12-13 in six dogs (29%), T11-12 in two dogs (10%), T13-L1 in
three dogs (14%), L2-3 in four dogs (19%), L1-2 in one dog (5%), L3-4 in three dogs
(14%), L4-5 in one dog (5%), and L7-S1 in one dog (5%). Eight dogs (57%) had one site
of intervertebral disc extrusion. Six dogs (43%) had two or more sites of intervertebral
disc extrusion. All dogs with intervertebral disc extrusion had disc material confirmed at
surgery within the vertebral canal. The one dog diagnosed with acute noncompressive
nucleus pulposus extrusion did not undergo surgical intervention; however, all dogs
underwent an anesthetic event.
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Control Dogs (14)
7%

dachshund (8)
mixed breed (2)

7%

shih tzu (1)

7%
7%

Chihuahua (1)

57%

French bulldog (1)

15%

beagle (1)
Figure 2.4

Breed Distribution for Control Group

Most dogs in the control group were dachshunds (8/14) with two or less of the remaining
breeds.

Control Dogs (14)
36%

Female (5)

64%

Figure 2.5

Male (9)

Gender Distribution for Control Group

In the control group, nine dogs were male (3/14 intact and 6/14 neutered), and the
remaining five dogs were spayed females.
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Table 2.1

Characteristics of Control Dogs and Test Dogs

Mean (range) age (y)
Males/females
Mean (range) body weight
(kg)

Table 2.2

Test Dogs
(n = 21)
7.69 (0.4-13)
11 (52%)/10 (48%)
8.56 (2.2-24)

Breed Distribution of Control Dogs and Test Dogs
Breed

Dachshunds
Shih tzus
Chihuahua
French bulldogs
Yorkshire Terriers
Cocker spaniels
Miniature schnauzer
Bichon frise
Boxer
Miniature poodle
Beagle
Mixed breeds

Table 2.3

Control Dogs
(n = 14)
6.29 (2-12)
9 (64%)/5 (36%)
8.05 (3-12.4)

Control Dogs
(n = 14)
8 (57.1%)
1 (7.1%)
1 (7.1%)
1 (7.1%)
1 (7.1%)
2 (14.3%)

Test Dogs
(n = 21)
9 (42.9%)
1 (4.8%)
1 (4.8%)
1 (4.8%)
2 (9.5%)
2 (9.5%)
1 (4.8%)
1 (4.8%)
1 (4.8%)
1 (4.8%)
1 (4.8%)

Neurologic Diagnoses for Control Dogs and Test Dogs

Neurologic Diagnosis

Control Dogs
(n = 14)
13 (93%)
1 (7%)
-

Test Dogs
(n = 21)
2 (9.5%)
18 (85.7%)
1 (4.8%)
1 (4.8%)

Thoracolumbar IVDD
ANNPE
Atlantoaxial subluxation
Cervical IVDD
Meningioma
Peripheral nerve sheath
tumor
*IVDD, intervertebral disc disease; ANNPE, acute noncompressive nucleus pulposus
extrusion
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Test Dogs
Twenty-one dogs with clinical evidence of cervical spinal disease met inclusion
criteria. The mean age was 7.69 ± 3.13 years (median 8 years, range 5 months – 13 years)
(Table 2.1). The mean weight was 8.56 ± 5.2 kg (median 6.3 kg, range 2.2 – 24 kg)
(Table 2.1). Eleven dogs (52%) were male with four intact (4/21, 19%) and seven
neutered (7/21, 33%) (Figure 2.7). The remaining ten dogs (48%) were spayed females.
Nine dogs (42.9%) were dachshunds, two dogs (9.5%) were Yorkshire terriers, two dogs
(9.5%) were cocker spaniels, and there was one (4.8%) of each of the following breeds:
miniature poodle, mixed breed, Chihuahua, miniature schnauzer, bichon frise, boxer, shih
tzu and French bulldog (Figure 2.6, Table 2.2). Dogs presented to the Neurology Service
for ataxia, paraparesis, neck pain, tetraparesis, lethargy, abnormal behavior, kyphosis,
and hemiparesis. Additional neurologic findings were decreased conscious
proprioception and nerve root signature. The following cervical spinal disorders were
diagnosed: atlantoaxial subluxation in two dogs (9.5%), cervical intervertebral disc
extrusion in 15 dogs (71.4%), cervical intervertebral disc protrusion in three dogs
(14.3%), meningioma in one dog (4.8%), and anaplastic sarcoma peripheral nerve sheath
tumor in one dog (4.8%) (Table 2.3). One dog (4.8%) had one site of intervertebral disc
extrusion and one site of intervertebral disc protrusion. Intervertebral disc extrusion was
present at C2-3 in 5 dogs (23.8%), C3-4 in 5 dogs (23.8%), C4-5 in one dog (4.8%), C5-6
in four dogs (19%), and C6-7 in 5 dogs (23.8%). Intervertebral disc protrusion was seen
at C3-4 in one dog (4.8%), C4-5 in three dogs (14.3%), C5-6 in one dog (4.8%), and C67 in one dog (4.8%). The peripheral nerve sheath tumor was located at C1-2, and the
meningioma was at C5. Fifteen dogs (71%) had a single site affected; six dogs (29%) had
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two or more sites affected. All dogs underwent surgery. One dog with cervical spinal
disease at presentation to the Animal Health Center was diagnosed with hypoventilation
secondary to diaphragmatic dysfunction using blood gas analysis (Figure 2.8, 2.9, and
2.10). Blood gas analysis was only performed in the clinically affected test dog.
Hypoventilation in this dog and in the literature is defined as a partial pressure of carbon
dioxide greater than 60 mmHg.38 None of the dogs in this study died secondary to
hypoventilation or other respiratory complications.

Test Dogs (21)
dachshund (9)
Yorkshire terrier (2)

38%

43%

cocker spaniel (2)
other breeds (2)
10%
Figure 2.6

9%

Breed Distribution for Test Dogs

Most dogs were dachshunds (9/21) in the test group with two or less each of the
remaining breeds.
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Test Dogs (21)
52%

Female (10)

48%

Male (11)

Figure 2.7

Gender Distribution for Test Group

In the test group, 11 dogs were male (4/21 intact and 7/21 neutered), and the remaining
10 dogs were female.
Imaging Results
Fluoroscopy
Using the subjective assessment of the fluoroscopic videos by the senior
radiologist (radiologist 1) as the gold standard, diaphragmatic dysfunction was observed
more frequently in dogs with cervical spinal disease prior to surgery (8/21; 38.1%)
compared to control dogs (3/14; 21.4%), as shown in Table 2.4. However, this difference
was not statistically significant (OR, 2.3; 95% confidence interval, 0.48-10.6; P = 0.30).
Of the eight test dogs diagnosed with diaphragmatic dysfunction by fluoroscopy prior to
surgery, four were affected on the left, three on the right, and one was bilateral. Of the
three control dogs diagnosed with diaphragmatic dysfunction by fluoroscopy prior to
surgery, two were bilaterally affected, and one was affected on the right. The eleven dogs
diagnosed with diaphragmatic dysfunction by fluoroscopy at presentation had a variety of
lesion locations (Table 2.5). Two dogs each (2/11; 18.2%) had lesions at C1-2, C2-3, C453

5, C6-7, and T12-13. One dog each (1/11; 9%) had lesions at C3-4, C5, T11-12, L3-4,
and L5-S1. Four dogs (4/11; 36.4%) had lesions at two sites. One dog (9%) had lesions at
C2-3 and C6-7. One dog (9%) had lesions at C3-4 and C4-5, and two dogs each (18.2%)
had lesions at C2-3 and C6-7. The eight dogs in the test group with diaphragmatic
dysfunction had an even distribution of lesion locations (Table 2.6). The 13 dogs in the
test group without diaphragmatic dysfunction also had lesion locations that were mainly
evenly distributed with a slightly higher number of dogs at C3-4 and C6-7 (Table 2.6).
The frequency of diaphragmatic dysfunction diagnosed by fluoroscopy was
unchanged following surgical decompression compared to the frequency at the time of
presentation in the test dogs (8/21; 38.1%) and slightly increased in the control group
(5/14; 36%), as shown in Table 2.4. Using fluoroscopy, the severity of diaphragmatic
dysfunction of the clinically affected dog was unchanged following surgery. However,
this dog did have to undergo positive pressure ventilation following decompressive
surgery. Of these eight test dogs, two were bilaterally affected, three were affected on the
right, and three were affected on the left. The five control dogs with diaphragmatic
dysfunction following surgery were affected bilaterally.
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Figure 2.8

Ventrodorsal Radiograph of a Test Dog with Hypoventilation

(A) Ventrodorsal radiographic projection of the test dog with hypoventilation based on
results from blood gas analysis. (B) The ventrodorsal radiographic projection is the same
image with annotations. The left crus (LC) of the diaphragm was dysfunctional, as
indicated by its cranial displacement compared to the right crus (RC) and cupula (solid
line).
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Figure 2.9

Fluoroscopy Images on Expiration and Inspiration of a Test Dog with
Hypoventilation

(A) At peak expiration, the left (LC) crus is approximately one intercostal space cranial
to the right crus (RC) on this ventrodorsal fluoroscopic image. (B) At peak inspiration,
the left crus (LC) is now cranially displaced two intercostal spaces compared to the right
crus (RC). This dog was scored positive for diaphragmatic dysfunction on the left. This
dog was ventilating inadequately based on blood gases (arterial partial pressure of carbon
dioxide greater than 60 mmHg) and underwent positive pressure ventilation following
decompressive surgery.
Table 2.4

Positive Scores for Diaphragmatic Dysfunction in Control and Test Groups
for all Imaging Modalities

At presentation
Fluoroscopy
Radiography
Ultrasonography
After surgery
Fluoroscopy
Radiography
Ultrasonography

Control Dogs
(n = 14)

Test Dogs
(n = 21)

3 (21.4%)
9 (64.3%)
-

8 (38.1%)
12 (57.1%)
1 (4.8%)

5 (36%)
7 (50%)
-

8 (38.1%)
18 (85.7%)
1 (4.8%)
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Table 2.5

Lesion Locations of Dogs with Diaphragmatic Paralysis at Presentation
Lesion Location

Number of Dogs with
Diaphragmatic Dysfunction
(n=11)
C1-2
2
Test group
C2-3
2
C3-4
1
C4-5
2
C5
1
C6-7
2
T11-12
1
Control group
T12-13
2
L3-4
1
L5-S1
1
Four of the eleven dogs had two lesion locations.
Table 2.6

Lesion Locations of Test Dogs at Presentation

Lesion Location

With
Without
Diaphragmatic
Diaphragmatic
Dysfunction
Dysfunction
(n=8)
(n=13)
C1-2
2
1
C2-3
2
3
C3-4
1
5
C4-5
2
2
C5
1
C5-6
5
C6-7
2
4
Four dogs positive for and two dogs negative for diaphragmatic dysfunction had more
than one lesion location.
Radiography
Diaphragmatic dysfunction was diagnosed at the time of presentation with
radiographs more frequently than with fluoroscopy (9/14 [64.3%] of control dogs and
12/21 [57.1%] of test dogs). Following surgery or an anesthetic event, radiographs also
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revealed diaphragmatic dysfunction more often than fluoroscopy (7/14 [50%] of control
dogs and 18/21 [85.7%] of test dogs) (Table 2.4). The agreement between radiographs
and fluoroscopy (Table 2.7) was slight ( = 0.12; P = 0.24). The sensitivity of
radiographs for the diagnosis of diaphragmatic dysfunction was 75% (P = 0.02), and the
specificity was 39.1% (P = 0.18).
Table 2.7

Agreement of Imaging Modalities Using Kappa Statistics

Imaging Modalities
Agreement
Radiography and fluoroscopy
Slight
M-mode ultrasound and fluoroscopy Slight
M-mode ultrasound and radiography Slight
*Significant results are shown in bold face

Kappa
0.1159
0.1067
0.0302

P value
0.2371
0.0470
0.3000

M-mode Ultrasound
Using M-mode ultrasound, diaphragmatic dysfunction was diagnosed less
frequently than with fluoroscopy in both the control and test groups (Table 2.4). Only one
test dog (4.8%) was positive for diaphragmatic dysfunction on M-mode ultrasound before
and following surgery (Figure 2.9). The agreement between M-mode ultrasound and
fluoroscopy was slight ( = 0.11; P = 0.05) (Table 2.7). The agreement between M-mode
ultrasound and radiography was slight ( = 0.03; P = 0.30) (Table 2.7). M-mode
ultrasound was not sensitive (8%; P < 0.01) but was specific (100%; P < 0.01) in the one
dog that tested positive.
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Figure 2.10

M-mode Ultrasound of a Test Dog with Hypoventilation

M-mode ultrasonographic image of a test dog with hypoventilation diagnosed by blood
gas analysis (arterial partial pressure of carbon dioxide greater than 60 mmHg). (A)
Cropped M-mode ultrasonographic image of the right crus of the diaphragm with normal
excursion (1.29 cm). (B) Cropped M-mode ultrasonographic image of the left crus of the
diaphragm. The maximum excursion of the left crus of the diaphragm (0.57 cm) is less
than 50% of the right crus and is positive for diaphragmatic dysfunction. (C) Diaphragm
indicating movement of the diaphragm during respiration. Diaphragmatic excursion is
measured from the peak of inspiration to the trough of expiration.
Correct Identification of Diaphragm Side Affected by
Radiographs and Ultrasound in all Dogs
Seventy fluoroscopic examinations of the diaphragm were performed during this
study (two exams on each of the 35 included dogs). Diaphragmatic dysfunction was
identified with fluoroscopy in 24 exams (34.3%). Diaphragmatic dysfunction as
determined by fluoroscopy was bilateral in 10 exams (14.3%), present on the left in seven
exams (10%), and present on the right in seven exams (10%). Diaphragmatic dysfunction
was identified with radiographs in 46 of the 70 exams (65.7%) with diaphragmatic
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dysfunction on the left in 24 exams (34.3%) and on the right in 22 exams (31.4%). The
senior radiologist, using subjective clinical expertise, correctly identified the diaphragm
side affected using radiography in six (25%) of the 24 exams that were positive for
diaphragmatic dysfunction using fluoroscopy. Eighteen (39.1%) of 46 examinations that
were negative for diaphragmatic dysfunction using fluoroscopy were also correctly
identified as negative using radiography. Compared to the 24 examinations that were
positive for diaphragmatic dysfunction using fluoroscopy, M-mode ultrasound only
correctly identified two exams (8.3%) as positive for diaphragmatic dysfunction; these
examinations were positive for diaphragmatic dysfunction on the left.
Association of Diaphragmatic Dysfunction with Surgery
The number of dogs with diaphragmatic dysfunction was unchanged in the test
group following surgery (8/21; 38.1%). The frequency of diaphragmatic dysfunction
slightly increased in the control group following surgery or anesthesia from three (21.4
%) to five dogs (36%) (Table 2.4). There was a 10.7% probability that test dogs without
diaphragmatic dysfunction at presentation would have diaphragmatic dysfunction
following surgery. However, there was a higher probability (89.3%) that a test dog
negative for diaphragmatic dysfunction at presentation would also be negative following
surgery. Similarly, there was a higher probability (83.3%) that a test dog positive for
diaphragmatic dysfunction at presentation would also be positive following surgery.
Interobserver Agreement
The interobserver agreement for fluoroscopy between the two board-certified
radiologists and the three residents varied (Table 2.8) and did not correlate to experience.
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The agreement for fluoroscopy of all observers using the objective cutoff ranged from
slight to moderate (median  = 0.32, range  = 0.16 – 0.45). The inclusion of the
subjective assessments by the radiologists did not significantly improve the interobserver
agreement for fluoroscopy with values persistently ranging from slight to moderate
(median  = 0.31, range  = 0.07 – 0.53). The highest interobserver agreement was
between the subjective assessments of the radiologists ( = 0.53). When comparing the
objective and subjective assessments of each radiologist for fluoroscopy, there was slight
to fair agreement. The interobserver agreement for radiography between all observers
was also varied and is listed in Table 2.9. Kappa ranged from no agreement to moderate
agreement (median  = 0.18, range  = -0.04 – 0.52). However, the clinically affected
test dog that was scored as positive for diaphragmatic dysfunction on the left by all
observers using all imaging modalities.
Table 2.8

Interobserver Agreement for Diaphragmatic Dysfunction by Fluoroscopy

Observer 1
Observer 2
Kappa
P value
Radiologist 1 subjective
Radiologist 2 subjective
0.5302
<0.0001
Radiologist 1 objective
Radiologist 2 objective
0.3364
0.003
Radiologist 1 subjective
Radiologist 1 objective
0.2635
0.0274
Radiologist 2 subjective
Radiologist 2 objective
0.198
0.097
Radiologist 1 subjective
1st-year resident
0.067
0.5155
nd
Radiologist 1 subjective
2 -year resident
0.3536
0.003
Radiologist 1 subjective
3rd-year resident
0.1256
0.1545
st
Radiologist 1 objective
1 -year resident
0.3111
0.0021
nd
Radiologist 1 objective
2 -year resident
0.318
0.0073
Radiologist 1 objective
3rd-year resident
0.1602
0.0635
st
Radiologist 2 objective
1 -year resident
0.4039
0.0005
Radiologist 2 objective
2nd-year resident
0.4536
0.0001
rd
Radiologist 2 objective
3 -year resident
0.1821
0.0825
*Significant results are shown in bold face. Radiologist 1, senior board-certified
radiologist
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Table 2.9

Interobserver Agreement for Diaphragmatic Dysfunction by Radiography

Observer 1
Observer 2
Kappa
Radiologist 1 Radiologist 2
0.1779
Radiologist 1 1st year resident
0.5214
Radiologist 1 2nd year resident
0.2638
Radiologist 1 3rd year resident
0.5197
Radiologist 2 1st year resident
-0.0413
Radiologist 2 2nd year resident
0.145
Radiologist 2 3rd year resident
0.0875
*Significant results are shown in bold face
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P value
0.1258
< 0.0001
0.019
<0.0001
0.7291
0.2222
0.4479

CHAPTER III
DISCUSSION
The results of this study did not prove that dogs with cervical myelopathies or
dogs undergoing cervical decompressive surgery have an increased frequency of
diaphragmatic dysfunction compared to a group of control dogs. Consequently, imaging
all dogs with clinical signs of cervical spinal disease at the time of presentation to a
veterinarian to screen for diaphragmatic dysfunction is unlikely to provide additional
clinical information. However, if there is a high clinical suspicion based on the patient’s
clinical signs (dyspnea, neck pain, and neurological dysfunction) and hypoventilation (an
arterial partial pressure of carbon dioxide of greater than 60 mmHg38), then imaging the
diaphragm is likely indicated. Still, diaphragmatic dysfunction resulting in dyspnea and
suspected hypoventilation in dogs with cervical spinal disorders has been clinically noted
more often than other dogs anecdotally by the authors of this study.
In previous studies, dogs with cervical intervertebral disc disease are reported to
have reduced severity of paresis compared to dogs with thoracolumbar intervertebral disc
disease.41 The large diameter of the cervical vertebral canal, compared to the
thoracolumbar vertebral canal, is suspected to help minimize trauma to the spinal cord by
cervical intervertebral disc disease resulting in reduced severity of paresis.41 Additionally,
the large diameter of the cervical spinal canal may be contributing to the lack of
association between cervical spinal disorders and diaphragmatic dysfunction. In addition,
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the reduced severity of spinal cord trauma in dogs with cervical intervertebral disc
disease may also account for the low frequency of hypoventilation and resultant
requirement for perioperative positive pressure ventilation in the dogs in this study and in
previous studies.1
Hypoventilation is defined as an arterial partial pressure of carbon dioxide greater
than 60 mmHg.38 Hypoventilation is a sequela from an inability to properly ventilate. In
dogs with cervical spinal disorders, diaphragmatic dysfunction is suspected to be the
cause of hypoventilation.1 Normally, increased arterial partial pressure of carbon dioxide
(hypercapnia) leads to a decrease in pH (respiratory acidosis) which stimulates the
respiratory center to increase the respiratory rate and effort.38 If an increase in respiratory
rate and effort are not able to compensate by reducing the arterial partial pressure of
carbon dioxide, then the kidneys will increase resorption of bicarbonate (metabolic
alkalosis).38 However, compensation by the kidneys takes days to weeks.38 Since
balancing arterial pH (normal canine arterial pH 7.35-7.46) is critical for the body to
maintain homeostasis,38 mechanical ventilation is instituted in dogs with hypoventilation
secondary to diaphragmatic dysfunction.1 Secondary complications such as pneumonia or
barotrauma can occur with mechanical ventilation.1 Being able to identify dogs with
cervical spinal disorders that are at risk for requiring mechanical ventilation at the time of
clinical presentation is beneficial, as owners and clinicians would be better informed and
would be able to more closely monitor these dogs for hypoventilation. However,
currently no good test exists to identify dogs at risk for hypoventilation with cervical
spinal disorders.
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Fluoroscopy
The frequency of diaphragmatic dysfunction using fluoroscopy in this study was
8/21 dogs (38.1%) in the test group, which has not been previously reported. The authors
of this study hypothesized that the frequency of diaphragmatic dysfunction would
increase in dogs with cervical spinal disorders following surgery. However, the frequency
of diaphragmatic dysfunction was the same before and following surgery in the test
group. The static frequency of diaphragmatic dysfunction in the test dogs may have been
due to surgical expertise, minimizing further trauma to the spinal cord during
decompressive surgery. However, the level of experience of the neurosurgeons for each
dog was not obtained in this study and may be an avenue for future research.
The slightly increased frequency of diaphragmatic dysfunction following surgery
in the control group was unexpected. It is reasonable to suspect that control dogs that
underwent thoracolumbar decompressive surgery (13/14, 92.8%) may have experience
greater pain while being imaged following surgery, as they were placed in dorsal
recumbency, putting pressure on their recent incision and surgical site. Increased pain
while being imaged may have caused these dogs to breathe shallow breaths and
ultimately be falsely diagnosed with diaphragmatic dysfunction.
Radiography
Radiography was hypothesized to have poor agreement with fluoroscopy and
ultrasound. The findings that diaphragmatic dysfunction was diagnosed more often using
radiography than fluoroscopy in all dogs and the slight agreement of radiography and
fluoroscopy for diagnosing diaphragmatic dysfunction were not unexpected. Previous
reports have also noted difficulty in evaluation of the diaphragm with radiography due to
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asymmetry of the diaphragm attributed to variations in x-ray beam centering, respiration,
gastric pressure, posture, size, breed, age, and body habitus.18,24 In the current study, the
slight agreement of radiography with fluoroscopy is likely due to the inherent asymmetry
of the canine diaphragm and a lack of clear standards for diagnosing diaphragmatic
dysfunction using radiography. Radiographs are performed routinely in a clinical setting;
however, because they provide a still shot in time, they are not likely to be a useful
diagnostic tool to evaluate motility of the diaphragm.
M-mode Ultrasound
M-mode ultrasound was hypothesized to have good agreement with fluoroscopy
and poor agreement with radiography for diagnosing diaphragmatic dysfunction.
However, ultrasound was found to have slight agreement with both fluoroscopy and
radiography for identifying diaphragmatic dysfunction. The cutoff used in this study
(diaphragmatic dysfunction being present if diaphragmatic excursion of either crus was
less than three millimeters or a greater than 50% difference in excursion between the
crura) originated from a study that used M-mode ultrasound to diagnose diaphragmatic
dysfunction in two clinically affected dogs with dyspnea and tachypnea.21 This cutoff
may be accurate for diagnosing clinically affected dogs with diaphragmatic dysfunction.
However, this cutoff is likely not appropriate for diagnosing diaphragmatic dysfunction
in asymptomatic dogs. The application of this cutoff in this study is the likely cause for
the slight agreement for diagnosing diaphragmatic dysfunction between M-mode
ultrasound and fluoroscopy because most dogs in this study with diaphragmatic
dysfunction were asymptomatic. In addition, previous reports have also found most dogs
with unilateral diaphragmatic dysfunction are asymptomatic.1 A diagnosis of
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diaphragmatic dysfunction would be missed in these asymptomatic dogs if the only
diagnostic tool used was M-mode ultrasound.
M-mode ultrasound was used to identify diaphragmatic dysfunction in the
clinically affected dog with hypoventilation in this study. If there is a high index of
suspicion for diaphragmatic dysfunction based on clinical signs and arterial partial
pressure of carbon dioxide, then M-mode ultrasound may be useful. M-mode ultrasound
has been used in people as a bedside imaging modality to evaluate the diaphragm.34
Because clinically affected dogs with hypoventilation may have to undergo mechanical
or positive pressure ventilation,1 M-mode ultrasound may be useful, as the ultrasound
machine is usually mobile and can be brought to the patient. Unfortunately, the slight
agreement with fluoroscopy in this study indicates that M-mode ultrasound is unlikely to
replace fluoroscopy for the diagnosis of diaphragmatic dysfunction in asymptomatic
dogs.
Interobserver Agreement
The variable and mainly poor interobserver agreement seen in this study was not
related to the degree of experience of the evaluators. Diagnosing diaphragmatic
dysfunction in a clinical setting is difficult. Agreement discrepancies between evaluators
using fluoroscopy to diagnose diaphragmatic dysfunction have also been previously
reported in people.27 The highest level of agreement in this study was the subjective
analysis between the radiologists; however, this agreement was only moderate, which
indicates diaphragmatic dysfunction is difficult to diagnose.
In addition, the objective cutoff given to the observers in this study may have
been interpreted differently. When evaluating for diaphragmatic dysfunction using
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fluoroscopy, diaphragmatic dysfunction was considered positive if either crus had less
than one intercostal space in excursion or if one crus had twice the excursion of the other,
as has been previously reported in people.21,29 One observer may have applied the cutoff
more stringently (for instance, to the millimeter), while another observer may have used
the cutoff less strictly (for instance, to the centimeter). In addition, because dogs vary
greatly in body type and size compared to humans, not all intercostal spaces are equal in
width; using this approach may have affected our results. Lastly, some observers may
have included the width of the ribs as part of an intercostal space while others did not. It
is also suspected that subjective evaluation of the diaphragm for dysfunction may be
better than applying an objective cutoff because the addition of the objective cutoff
further decreased the agreement by both radiologists. However, more clear standards for
subjective evaluation are still recommended by the authors of this study. It is interesting
to note, the clinically affected test dog was diagnosed as positive for diaphragmatic
dysfunction by all observers for all imaging modalities. Interobserver agreement may
improve when only evaluating clinically affected dogs, as the diaphragmatic dysfunction
in these dogs may be more obvious.
Limitations
The limitations of this study included low numbers of test dogs, low numbers of
clinically affected dogs (such as dogs with hypoventilation, dyspnea, or tachypnea),
shallow breathing during imaging, lack of histopathologic evaluation, the ethical use of
opioids as pain medication, and lack of blood gas analysis. The low frequency of
clinically affected dogs and the low number of dogs with cervical spinal disease made it
difficult to obtain significant statistical power. This can be overcome in the future by
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extending the time frame of the study or by organizing a multi-institutional study.
Shallow breathing during fluoroscopy made it difficult to evaluate the diaphragm using
an objective cutoff for diaphragmatic dysfunction that was extrapolated from human
research, especially because shallow breathing in normal dogs has been reported to cause
diaphragm excursion to be as little as one-fourth vertebral length.24 Hence, by using this
objective cutoff for fluoroscopy in this study, some dogs diagnosed with diaphragmatic
dysfunction may have been normal. However, because histopathological evaluation of the
spinal cord and phrenic nerve in these dogs would not have been ethical, fluoroscopy was
still chosen as the gold standard.
The ethical use of opioids was another limitation of this study; however, it was
unavoidable. Since opioids are known to cause respiratory depression,40 the dogs were
imaged four hours after or just prior to being medicated to reduce these effects.
A lack of blood gas analysis at presentation and following surgery confounds our
ability to prove asymptomatic dogs with diaphragmatic dysfunction were not
hypoventilating. In addition, the incidence of hypoventilation in the population of dogs in
this study was unable to be determined. Clinically, many veterinarians assume dogs
without clinical signs of hypoventilation (increased respiratory rate and effort) would test
negative for hypoventilation on blood gases analysis. However, obtaining the arterial
partial pressure of carbon dioxide and arterial pH would have furthered this research and
indicated if asymptomatic dogs with diaphragmatic dysfunction were ventilating
appropriately.
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Future Work
Future research should include establishing quantifiable normal and abnormal
cutoffs for diaphragmatic excursion with a larger number of dogs using fluoroscopy, the
current gold standard.18,22,23 In people, a study revealed improved interobserver
agreement for measuring diaphragm excursion by superimposing fluoroscopy images of
the diaphragmatic crura during maximum inspiration and expiration and then measuring
maximum excursion.27 A similar method was recently applied to normal dogs with the
addition of measuring diaphragmatic excursion in left, right, and dorsal recumbencies
using fluoroscopy.23 The authors of this recent study found the crura had more symmetric
movement in right lateral recumbency but asymmetric movement in left lateral and dorsal
recumbencies.23 Future work using right lateral recumbency when evaluating the
diaphragm with fluoroscopy may aid developing an objective cutoff or more standard
subjective analysis leading to an increase in interobserver agreement. In addition, dogs
with dorsal incisions would not have to be placed on their backs, reducing the added
variable of additional pain due to positioning causing pressure on a recent surgical
incision. Lastly, dogs could be imaged before and following the administration of pain
medication. As pain may cause dogs to take more shallow breaths, imaging dogs an hour
following the administration of pain medication may improve the frequency of false
diagnoses of diaphragmatic dysfunction.
In this study, the clinically affected dog had one crus with an excursion that was
twice the excursion of the other crus on fluoroscopy. Another possible way to approach
diagnosing unilateral diaphragmatic dysfunction is to only compare the excursions of the
crura with diaphragmatic dysfunction being positive if the excursion of one crus is twice
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the excursion of the other. Dogs with bilateral diaphragmatic dysfunction are usually
clinically affected1 (as with hypoventilation, dyspnea, or tachypnea) and may be more
easily diagnosed using M-mode ultrasound.
Conclusion
In conclusion, cervical spinal disorders and cervical decompressive surgery did
not increase the frequency of diaphragmatic dysfunction in the test group compared to
control group in this study. This finding may be secondary to the large size of the cervical
vertebral canal and decompressive surgical expertise. Most dogs in this study with
diaphragmatic dysfunction were asymptomatic. In addition, respiratory complications
(such as hypoventilation, dyspnea, or tachypnea) secondary to diaphragmatic dysfunction
in dogs with cervical spinal disorders were rare, and no dogs in this study died from any
respiratory complications. Fluoroscopy is currently the imaging modality preferred to
diagnose diaphragmatic dysfunction; however, evaluating diaphragmatic dysfunction
even using fluoroscopy can be difficult. Future research is still necessary to improve
diagnosis of diaphragmatic dysfunction using fluoroscopy and M-mode ultrasound. The
authors of this study do not recommended screening all dogs with cervical spinal
disorders for diaphragmatic dysfunction prior to surgery using fluoroscopy, as many dogs
with diaphragmatic dysfunction were asymptomatic; however, M-mode ultrasound may
be a useful screening test for diaphragmatic dysfunction in clinically affected dogs with
cervical spinal disorders.
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